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IRRADIATION BEHAVIOR OF 
URANIUM-FISSIUM ALLOYS 

by 

J . H . Kittel, J. A. Horak, 
W. N. Beck, and R. J. Fousek 

ABSTRACT 

A ser ies of uranium-fiss ium and uranium-fissium-
zirconium alloys -was i r radiated in thermal test reactors to 
study the relationship of dimensional stability to alloy com
position, thermal cycling, burnup, i rradiat ion temperature , 
postirradiat ion heating, and cladding res t ra in t . Uranium-
atom burnups as highas 6.2% were achieved, and center fuel 
tempera tures were in the range of 170-790°C. None of the 
alloy compositions tested showed irradiat ion behavior supe
r ior to the uraniuna-5 wt % fissium alloy that has been used 
as driver fuel in EBR-II since it began operation. This alloy 
is among those uranium-base alloys most capable of res i s t 
ing high-temperature irradiat ion swelling. None of the alloys 
showed evidence of the reversion to the metastable gamma 
phase that has been observed in comparable uranium-
molybdenum alloys. Swelling of uranium-fissium alloys was 
effectively res t ra ined bymostof the 0.009-in.-thick cladding 
mater ia l s investigated. Local hydrostatic forces due to 
swelling of the fuel caused the fuel to extrude extensively out 
of small vent holes in the cladding. Little axial fuel move
ment occurred within the cladding, however, even when the 
upper fuel surface was entirely unrestrained. 

I. INTRODUCTION 

EBR-II (Experimental Breeder Reactor No. II) was originally de
signed and constructed by Argonne National Laboratory to provide a small-
plant demonstration of a sodium-cooled fas t -b reeder - reac tor power plant 
with a "quick-turnaround" fuel cycle. The thermal power output of the 
reactor is 62.5 MW. Following successful demonstration of the plant and 
the fuel cycle, the plant was adapted to serve as a fas t - reactor i r radiat ion 
test facility. 

The metall ic uranium-fiss ium alloy originally specified to fuel 
EBR-II to demonstrate the "quick turnaround" has been retained as the 
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driver fuel for operation of EBR-II as a test reac tor . The relatively low 
cost of the fuel, its demonstrated reliability, and its desirable neutronic 
character is t ics made it the preferred choice for continued operation of the 
reactor 

Uranium-fissium alloy is a product of the on-site pyrometal lurgical 
reprocessing facility. Until recently, discharged fuel from the reactor was 
remotely processed, fabricated, and assembled into fuel elements in this 
facility for reinsertion into the reactor . 

During pyrometallurgical reprocessing of the uranium.; most of the 
fission products are removed from the molten fuel in a zirconia crucible 
by a melt-refining process . Relatively volatile fission products such as 
cesium and the ra re gases boil off. Barium, strontium, and the r a r e -
earth metals form adherent reaction layers with the wall of the zirconia 
crucible. The fission products remaining in the melt a re principally zir
conium, niobium., molybdenum, technetium., ruthenium: rhodium, and palla
dium. These elements cannot be removed from uranium by oxidative 
slagging.- because the free energies of formation of their oxides a re too 
close to that of uranium oxide. Zirconium, however, can be removed if 
desired by a drossing reaction with carbon. 

This group of fission products that remain in the fuel have been 
termed "fissium" (symbol Fs) . During repeated fuel recycling, the con
centration of fissium in the alloy will build up to an equilibrium level that 
depends upon the frequency of reprocessing and the amount of fresh fuel 
added during each reprocessing cycle. The ratios of fission products 
comprising the fissium- however, will remain relatively constant- Their 
relative proportions, in weight percent, are approximately 1-3 zirconium, 
0.1 niobium. 43.2 molybdenum, 12-5 technetium, 33-2 ruthenium, 
5.9 rhodium, and 3.8 palladium. 

The fissium elements were to be allowed to accumulate at a level 
of ~5 wt % in the EBR-II uranium driver fuel- A synthetic U-5 wt % Fs 
alloy was specified for the original driver fuel' to minimize changes in 
fuel properties with repeated recycling of the fuel. Natural isotopes of the 
fissium elements were used in the synthetic fuel, and additional amounts of 
molybdenum and ruthenium were used as a substitute for technetium. Ex
perimental studies have shown that the propert ies of uranium-fiss ium 
alloys m which molybdenum and ruthenium are substituted for technetium 
do not differ significantly from those of uranium-fiss ium alloys containing 
normal amounts of technetium.^ Synthetic fissium alloys were also used 
for the study reported here. A typical fissium composition in the synthetic 
alloys is, m weight percent, 49.2 raolybdenum, 3.6 palladium 6.0 rhodium, 
40.2 ruthenium, and 1.0 zirconium. 
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The operating cost of EBR-II can be lowered by increasing the 
achievable burnup in the uranium-fissium alloy driver fuel (now being pro
cured from commercial source's). Interest has therefore continued in the 
resul ts of an extensive ser ies of i rradiat ion experiments that examined the 
effects of high burnup on several different uranium-fiss ium alloys. Most 
of the resul ts of these experiments have been previously reported only in 
internal memoranda. This report has been compiled to collect the resul ts 
into a single document and to make the information more readily available. 
Results have previously been published on more limited irradiat ion studies 
on uranium-fiss ium alloys^"^ as well an on uranium-plutonium-fissium 
alloys .5- ' 

The experiments described in this report were concerned pr imari ly 
with the dimensional stability of uranium-fissium alloys as affected by 
irradiat ion conditions, alloy composition, and cladding res t ra in t . 

II. PROPERTIES OF URANIUM-FISSIUM ALLOYS 

The physical proper t ies , transformation kinetics, and micros t ruc-
tures of uranium-fiss ium alloys have been reported in detail. '""'^ Phase 
relations in the uranium-fissium system have been shown to paral lel closely 
those in the U-Mo-Ru ternary system. The developed micros t ruc ture is 
quite sensitive to cooling ra te . Upon rapid cooling, the high-temperature 
gamma phase is retained as a metastable solid solution at room tempera
ture. This phase is characterized by low hardness and low density. Slower 

cooling rates resul t in precipitation 
of U2RU from the gamma solid solu
tion and partial transformation of 
gamma to alpha uranium at lower 
tempera tures . The latter is a 
harder , higher-density phase. 

The uranium-r ich corner of 
the U-Mo-Ru ternary system is 
shown in Fig. 1.''' The portion of the 
vertical section shown is that in 
which the weight ratio of molybdenum 
to ruthenium is 1.25, which approxi
mates that in the fissium alloys. 

WEIGHT PERCENT IMo-fRu) 

Fig, 1, Vertical Section through the Uranium-rich 
Cornerof the U-Mo-Ru Ternary Systemat a 
Mo/Ru Weight Ratio of 1.25 (from Ref. 13). 
Neg. No. MSD-30162, 

Al though p u r e g a m m a u r a 
n i u m is u n s t a b l e be low 769°C, the 
a l loyed g a m m a p h a s e in u r a n i u m -

f i s s i u m a l l oys p e r s i s t s as a s t a b l e p h a s e down to 552°C. The t e m p e r a t u r e 
a t w h i c h b e t a p h a s e f o r m s is l o w e r e d f r o m 759 to 682°C by only 3 wt % 
f i s s i u m . F o r m a t i o n of the b e t a p h a s e i s e n t i r e l y s u p p r e s s e d by h i g h e r 
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fissium contents., the gamma phase, on cooling, t ransforms directly to 
alpha. Other phases found m uranium-fissium alloys are U^Ru, ZrRu, and 
a low-temperature phase that is isostructural with the delta phase in the 
uranium-molybdenum system. 

On cooling U-5 wt % Fs alloy (the alloy of greates t interest ) , single-
phase gamma is stable down to 725°C, With slow cooling, precipitation of 
UjRu begins at 725°C and continues down to 642°C at which tempera ture 
gamma begins to reject alpha. The formation of delta begins at 552°C With 
normal cooling rates associated with injection castings however, U-5 wt % Fs 
allov does not completely transform and is m fact predominantly gamma. 

If zirconium were not removed during reprocessing, the composition 
of the fuel could be designated as a uranium-fiss ium-zirconium alloy. Under 
these circumstances, the additional zirconium could be present in amounts 
as great as half the total fissium content, so the equilibrium fuel composition 
could be U- 5 wt % Fs-2 ,5 wt % Zr, In contrast to the uranium-fiss ium 
alloys, alloys of the uranium-fissium-zirconium tvpe are predominantly 
alpha phase because the zirconium removes ruthenium, a gamma-phase 
stabilizing element, from the gamma solid solution to form the compound 
ZrRu, 

III. SPECIMEN MATERIALS 

Most of the experimental irradiations m the present study were 
made on the EBR-II driver fuel alloy, U-5 wt % Fs. and on the closely r e 
lated alloy U-5 wt % Fs-2 .5 wt % Zr As mentioned in Sec II, the compo
sition of the latter alloy is similar to one that could resul t if zirconium 
were not removed during reprocessing of spent fuel. To explore the effect 
of wider variations in composition, irradiations were also made on the 
alloys U-3,3 wt % Fs-1.7 wt 7o Zr, U-3.7 wt 7o Fs , U-6.7 wt % Fs-3 .3 wt % 
Zr and U-10 wt % F s - 5 wt % Zr. 

The EBR-II Mark lA fuel pm is 0,144 m m diameter and 13 50 m, 
long. It IS sodium-bonded to a Type 304L stainless steel tube having an 
internal diameter of 0.156 in. and a wall thickness of 0.009 in. Experi
mental irradiations of full-length fuel elements were not considered essen
tial to evaluate the irradiation behavior of the fuel mater ia l itself, A 
shorter length, 1,00 in,, was therefore selected as a convenient specimen 
size that could be adapted in multiple numbers for capsule i r radia t ions . 

It was considered essential , however, that the diameter of the 
specimens matched that of an actual reactor fuel pin and that the specimens 
were made by the fabrication procedure used for the actual pin This r e 
quirement was met by producing a number of full-length fuel pins and cutting 
them into the shorter length for i rradiat ion. The injection-casting process , '^ 
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w h i c h had b e e n s e l e c t e d for r e m o t e l y f a b r i c a t i n g the fuel p ins for E B R - I I , 
w a s u s e d to p r o d u c e the f u l l - l e n g t h p i n s . In th i s p r o c e s s , Vycor g l a s s 
m o l d s , a p p r o x i m a t e l y 17 in . long, a r e s u s p e n d e d , open ends down, above 
the c r u c i b l e . The fuel a l loy is m e l t e d and h e a t e d to the d e s i r e d c a s t i n g 
t e m p e r a t u r e u n d e r a p r o t e c t i v e a t m o s p h e r e . The f u r n a c e is then e v a c u a t e d , 
and the c r u c i b l e i s r a i s e d to s u b m e r g e the open m o l d t ips in the m e l t . 
Af ter a p r e d e t e r m i n e d de lay of a few s e c o n d s , the f u r n a c e is then p r e s 
s u r i z e d to f o r c e m o l t e n - m e t a l c o l u m n s u p w a r d in the e v a c u a t e d m o l d s . 
After the c h a r g e has b e e n coo led to r o o m t e m p e r a t u r e and r e m o v e d f r o m 
the f u r n a c e , the m o l d s a r e b r o k e n a w a y f r o m the c a s t i n g s . The c a s t i n g s 
a r e about 16 in . long . 

M a s t e r a l l oys of the h i g h e s t a l loy con ten t s w e r e m a d e f i r s t and 
a n a l y z e d . Succeed ing a l loys w e r e then m a d e by d i lu t ion . The m a s t e r a l loys 
w e r e v a c u u m - m e l t e d in m a g n e s i a c r u c i b l e s and b o t t o m - p o u r e d in to t h o r i a -
coa t ed g r a p h i t e m o l d s . F o r in jec t ion c a s t i n g , the m a s t e r a l loys w e r e m e l t e d 
wi th u r a n i u m d i lu t ions a s r e q u i r e d in t h o r i a - c o a t e d g r a p h i t e u n d e r v a c u u m s 
n e a r 8 x lO"* m m Hg. Cas t i ng t e m p e r a t u r e s w e r e n e a r 1350°C, so m o s t of 
the c o m p o s i t i o n s had 300°C of s u p e r h e a t . Two "^U e n r i c h m e n t s , 10 and 207o, 
w e r e u s e d . Tab le I shows the a n a l y z e d c o m p o s i t i o n s of the c a s t i n g s u s e d in 
the i n v e s t i g a t i o n . S u b s e q u e n t t a b l e s of e x p e r i m e n t a l r e s u l t s in th is r e p o r t 
show the c a s t i n g n u m b e r as p a r t of the o r i g i n a l s p e c i m e n n u m b e r . The 
l o c a t i o n a n d t o p - a n d - b o t t o m o r i e n t a t i o n of e a c h s p e c i m e n in the o r i g i n a l 
i n j ec t ion c a s t i n g w e r e no ted . 

F i g u r e 2 shows a t y p i c a l s p e c i m e n b e f o r e i r r a d i a t i o n . 

Fig- 2 

Typical Specimen before Irradiation. 
Mag. 2X. Neg. No. MSD-23438. 

TABLE I. Composition of Alloys Used for I r radiat ion Specimens 

Casting 

No. 

E-3F-1C 

I -E-2 

I -E-3 

l-E-4 

I-E-5 

E-16F-236 

E-B16F-235 

E-3F-1B 

E-3F-1A 

E-SF-2A 

E-SF-IA 

Nominal 

Composition.^ 

wt % 

Fs 

3.3 

3.7 

3.7 

3.7 

3,7 

5 

5 

5 

5 

6,7 

10 

Zr 

1,7 

0 

0 

0 

0 

0 

0 

2,5 

25 

3,3 

5 

Mo 

1,64 

1,67 

1,67 

c 

c 

2,46 

2,46 

2,50 

2,46 

3,30 

5,13 

Pd 

0,124 

0,18 

0,16 

c 

c 

0,185 

0482 

0,198 

0,194 

0,263 

0,412 

Composition,' 

Rh 

0.148 

0.23 

0.26 

c 

c 

0.302 

0.805 

0288 

0281 

0363 

0562 

Ru 

1.28 

1.68 

1.64 

c 

c 

2.01 

1.12 

2.06 

2,01 

2,74 

4,24 

1 «t % 

Zr 

1,58 

003 

O03 

c 

c 

0,049 

0,193 

2,60 

2,61 

3,50 

5,39 

C, 

ppm 

24 

c 

c 

c 

c 

660 

59 

18 

14 

22 

31 

N, 
ppm 

c 

c 

c 

c 

c 

11 

22 

22 

20 

26 

11 

Uranium Isolopi 

Com position,b 

al , % 

234u 

0,887 

0113 

0115 

c 

c 

0115 

0,201 

0,103 

0,203 

aioo 

0,098 

235u 

10,24 

10,4 

105 

c 

c 

1055 

2026 

1070 

20,42 

1024 

10.02 

c 

236u 

o.mi 

00492 

O0494 

c 

c 

O047 

0107 

0051 

0106 

0,050 

0,048 

^Balance u r a n j u m . 

^Balance 238u. 

CNot available. 
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I V . I R R A D I A T I O N P R O C E D U R E 

B e f o r e i r r a d i a t i o n , e a c h s p e c i m e n w a s m e a s u r e d f o r d i m e n s i o n s , 

w e i g h t , d e n s i t y , a n d h a r d n e s s . T h e d e n s i t i e s w e r e d e t e r m i n e d b y w e i g h t 

l o s s w h i l e t h e s p e c i m e n s w e r e i m m e r s e d i n C C L 4 - A H s p e c i m e n s w e r e 

r a d i o g r a p h e d f o r d e t e c t i o n of i n t e r n a l p o r o s i t y . M e t a l l o g r a p h i c e x a m i n a t i o n s 

w e r e m a d e o n r e p r e s e n t a t i v e c a s t i n g s of e a c h m e l t . N o m a c h i n i n g w a s d o n e 

o n t h e o u t e r d i a m e t e r of t h e f u e l s p e c i m e n s , n o r w a s a n y f u r t h e r h e a t t r e a t 

m e n t p e r f o r m e d . 

A l l s p e c i m e n s w e r e i r r a d i a t e d i n c a p s u l e s w h i l e t h e y w e r e s u b 

m e r g e d i n N a K . M o s t of t h e i r r a d i a t i o n s w e r e m a d e i n u n i n s t r u m e n t e d 

c a p s u l e s i n t h e M T R ( M a t e r i a l s T e s t i n g R e a c t o r ) . F i g u r e 3 s h o w s t h e 

d e s i g n of a t y p i c a l M T R c a p s u l e . P r e l i m i n a r y v a l u e s of b u r n u p w e r e o b 

t a i n e d f r o m v a l u e s of t h e r m a l - n e u t r o n f l u x 

loiiTon i n d i c a t e d b y f l u x m o n i t o r s m a d e of c o b a l t -

0 .1 w t % a l u m i n u m a l l o y . F i n a l v a l u e s of 

b u r n u p w e r e o b t a i n e d f r o m d e t e r m i n a t i o n of 

t h e c h a n g e s i n u r a n i u m i s o t o p e r a t i o s , u s i n g 

t h e r e l a t i o n ' 

F 5 = N°8[(R°5/ 

w h e r e 

a t . % 

a t . 7o 

f u e l . 

•R5/8) - (R6/8 - R°6/e)]. 

f i s s i o n d u e t o " ^ U , 

" * U i n p r e i r r a d i a t e d 

a n d 

R^ 

i n i t i a l ^ ^ ^ u / " * U a t o m r a t i o , 

f i n a l " ^ U / " ' U a t o m r a t i o , 

i n i t i a l " ' u / " ^ U a t o m r a t i o . 

f i n a l " 6 ^ ^ 2 3 8 ^ ^ j o j ^ r a t i o . 

Fig- 3. Irradiation Capsule Used 
for MTR Irradiations. ANL 
Neg, No. 106-4083. 

F r o m t h e a n a l y z e d a t o m b u r n u p of t h e 

u r a n i u m , i t w a s p o s s i b l e t o c a l c u l a t e t h e p e r 

t u r b e d f l u x a n d h e n c e t h e m a x i m u m p o w e r d e n s i t y 

f o r t h e f u e l s p e c i m e n s . T h e d e p e n d e n c e of s u r f a c e a n d c e n t e r t e m p e r a t u r e s 

of t h e s p e c i m e n o n p o w e r d e n s i t y w a s e x p e r i m e n t a l l y d e t e r m i n e d i n a s e r i e s 

of i n s t r u m e n t e d c a p s u l e s i n t h e C P - 5 r e a c t o r . S m a l l - d i a m e t e r t h e r m o 

c o u p l e s w e r e l o c a t e d i n t h e c e n t e r s of f u e l s p e c i m e n s a n d i n t h e N a K a d j a 

c e n t t o t h e s p e c i m e n s . 

N e a r t h e l a t t e r p a r t of t h i s i n v e s t i g a t i o n , t h e C P - 5 r e a c t o r f u e l e l e 

m e n t s w e r e m o d i f i e d ' ^ s o t h a t i n s t r u m e n t e d t e m p e r a t u r e - c o n t r o l l e d 

c a p s u l e s ' ^ c o u l d b e a c c o m m o d a t e d . T h e f i n a l e x p e r i m e n t a l i r r a d i a t i o n s of 
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uranium-f iss ium alloys were performed in these facilities, including all 
experiments in which the fuel specimens were clad. Figure 4 shows a typi
cal CP-5 capsule assembly. As for the MTR capsules, the relationship 
between the surface and center temperatures of the specimen and the power 
density Avas determined by thermocouples in the centers of the specimens 
and in the NaK adjacent to the specimens. 

HEATER LEAD / HaK LEVEL 

1/16" SS TMEfWOCOUPLES ( 4 ) ' HEATER COIL 

THERHOCOUPLE 

GUIDES 

Fig. 4. Irradiation Capsule Used for CP-5 Irradiations. ANL Neg. No. 106-6079 Rev. 1. 

The MTR i r r a d i a t i o n s w e r e m a d e on s p e c i m e n s e n r i c h e d to 10% U. 
The C P - 5 i r r a d i a t i o n s w e r e m a d e on s p e c i m e n s wi th "^U e n r i c h m e n t s of 
both 10 and 20%. Use of the m o r e highly e n r i c h e d s p e c i m e n s e n a b l e d high 
fuel b u r n u p s to be a c h i e v e d wi th i r r a d i a t i o n t i m e s of 12-14 m o n t h s . 

The s a m e m e a s u r e m e n t s a s t hose m a d e b e f o r e i r r a d i a t i o n (with the 
e x c e p t i o n of h a r d n e s s ) w e r e m a d e on a l l i r r a d i a t e d s p e c i m e n s . After i r r a d i 
a t ion , a l l c a p s u l e s w e r e opened and the conten ts e x a m i n e d u n d e r an i n e r t 
a t m o s p h e r e . C o n s i d e r a b l e u s e was m a d e of a p inhole a u t o r a d i o g r a p h i c t e c h 
n i q u e " for n o n d e s t r u c t i v e l y d e t e r m i n i n g the condi t ion of the s p e c i m e n s 
b e f o r e the c a p s u l e s w e r e opened . This t echn ique was a l s o u s e d to d e t e r m i n e 
n o n d e s t r u c t i v e l y the l eng th of the fuel co lumn in the c lad s p e c i m e n s a f te r 
i r r a d i a t i o n . 

R E S U L T S AND DISCUSSION 

A. Unc lad S p e c i m e n s 

T a b l e s I I -VII s u m m a r i z e the i r r a d i a t i o n condi t ions and the i n f o r m a 
t i on ob t a ined on e a c h s p e c i m e n . F i g u r e s 5-10 show p h o t o g r a p h s of t yp i ca l 
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Specimen 

CP-3-1 

CP-5-2 

CP-Z-3 

ANL-42-22-6 

ANL-42-9-5 

ANL-42-10-6 

ANL-42-12-4 

ANL-6-117-4 

CP-7-4 

ANL-42-24-4 

ANL-42-16-4 

ANL-6-113-4 

ANL-42-19-3 

Original 
Specimen 

No, 

E-3F-1C-5-2 

E-3F-1C-5-3 

E-3F-1C-5-1 

E-3F-1C-1-12 

E-3F-1C-8-1 

E-3F-1C-8-2 

E-3F-1C-8-4 

E-3F-1C-1-3 

E-3F-1C-5-4 

E-3F-1C-1-11 

E-3F-1C-1-2 

E-3F-1C-8-8 

E-3F-1C-1-1 

E-3F-lC-8-lt 

Burnup, 
at. % 

0.025 

0.27 

0.45 

0.85 

0.86 

1.1 

1.1 

1.2 

1.6 

1.6 

2.0 

2.3 

2.6 

3.1 

3.8 

4.1 

4.9 

Midlength 
Temp, 

Surface 

395 

570 

285 

240 

380 

470 

650 

370 

355 

390 

500 

380 

430 

340 

480 

300 

600 

Irrad 

Center 

420 

610 

305 

260 

420 

520 

700 

410 

390 

420 

560 

410 

480 

380 

530 

540 

650 

Cfiange, 

0.36 

0.13 

2.99 

0.99 

0.89 

0.78 

4.7 

1.44 

2.75 

0,88 

5.34 

4.99 

10.12 

0,24 

0.99 

7.81 

7.54 

Avq 
Dia 

Ctiange, 
% 

0.91 

1.18 

-0.42 

5.76 

1.12 

1.81 

12.8 

2.23 

4,45 

0.76 

3.34 

5.45 

11.9 

3,35 

21.9 

13.5 

19.6 

Weight 
Change, 

mg 

-0.6 

-0.7 

0.7 

-2.1 

-0.2 

-1.1 

-224.1 

-0.9 

25.2 

-1.4 

-0.7 

-0.8 

12.5 

-5.0 

-27,1 

57.6 

8.6 

Density 
Decrease. 

% 
b 

0.78 

4.57 

18.95 

12.81 

3.91 

17.23 

16.40 

60.58 

15.28 

31.47 

43.22 

33.10 

at. % Burnup 

4.4 

3,5 

21 

9.9 

58 

12 

17 

9.3 

Remarks 

Uniformly swelled, wltti surface cracks. 

Large bulge near upper end. 

Uniformly swelled, with surface cracks. 

Uniformly swelled, with surface cracks. 

Uniformly swelled, with surface cracks. 

^Calculated trom the expression % A Vol 

''Measurement not obtained. 

J h - i \ where p. and p, are the initial and final densities, respectively. 

Effects of Irradiation on Unclad Specimens of U-3.7 wt % Fs Alloy 

Original 
Specimen 

No. 

Midlength Irrad 
Temp. °C 

Surface Center 

Length 
Change, 

CP-3-4 

CP-2-1 

ANL-42-11-6 

ANL-6-119-5 

ANL-42-9-4 

ANL-42-10-5 

ANL-42-12-3 

ANL-42-15-6 

CP-7-1 

ANL-42-23-6 

ANL-42-22-5 

ANL-6-122-5 

ANL-42-14-5 

ANL-42-17-4 

ANL-42-18-5 

ANL-6-I13-1 

ANL-6-123-5 

ANL-42-19-6 

1E2-11-4 

1E2-12-3 

1E2-2-4 

1E2-12-1 

1E2-12-2 

1E2-12-4 

1E2-12-7 

1E2-11-7 

1E2-11-2 

1E2-11-1 

1E2-2-10 

1E2-12-6 

1E2-12-9 

1E2-12-10 

1E2-2-1 

1E2-2-12 

1E2-12-I1 

0.025 

0,43 

0.65 

0.67 

0.85 

395 

310 

520 

400 

240 

420 

430 

540 

O.IO 

0.39 

-0.26 

0.38 

9.01 

2.80 

5.25 

0,82 

12.7 

0,73 

Avg 
Dia 

Change, 

1.04 

0.69 

0.21 

3.33 

2.01 

6.45 

36.2 

24.5 

40.7 

Weight 
Change. 

Density 
Decrease, 

% A Vol^ 

33.6 

112.7 

27.05 

16.94 

19.91 

48.37 

17,63 

25.55 

7.75 

20.05 

45.15 

45,84 

Uniformly swelled, with surface cracks. 

Swelled near upper end. 

Swelled near upper end. 

Swelied near upper end. 

Swelled near center 

Calculated from the expression % i Vol 

''Measurement not obtained. 

- 1 . where p. and p, are the initial and final densities, respectively. 
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Original 
Specimen Burnup, 

at. % 

Midlength I 
Temp, °i 

Length 
Change, 

Weight 
Cfiange. 

Oensity 
Decrease, 

CP-3-2 E 
CP-3-6 E 
CP-4-5 E 
CP-4-1 E 
CP-1-6 E 
CP-1-2 £ 
CP-2-3 E 
ANL-6-119-2 E 
CP-6-5 E 
CP-11-4 E 
CP-6-1 E 
ANL-42-8-6 E 
ANL-6-117-5 E 
ANL-6-116-5 E 
ANL-42-12-1 E 
ANL-6-116-2 E 
ANL-42-9-1 E 
CP-7-5 £ 
CP-7-3 E 
ANL-42-6-6 E 
ANL-6-115-5 £ 
ANL-42-14-1 £ 
ANL-6-113-2 E 
ANL-42-7-6 E 
ANL-42-5-6 £ 
CP-9-1 E 
CP-9-3 E 
CP-9-5 £ 
CP-8-5 E 
CP-8-4 E 
CP-8-3 E 

^Calculated from Ih 

''Measurement not 
'-Calculated from d 

B16F-236-5-8 
B16F-236-4-9 
B16F-236-4-10 
B16F-236-5-9 
B16F-236-7-8 
B16F-236-7-2 
B16F-236-4-8 
B16F-236-13-1 
B16F-236-5-11 
B16f-236-5-l 
B16F-236-5-7 
B16F-236-4-4 
B16F-236-1-10 
B16F-236-1-8 
B16F-236-7-4 
B16F-236-1-7 
B16F-236-7-1 
616F-236-5-13 
BI6F-236-5-12 
B16F-236-4-2 
616F-236-1-6 
B16F-236-7-6 
B16F-236-1-1 
B16F-236-4-3 
B16F-236-4-1 
B16f-235-4-ll 
616F-235-4-13 
BI6F-235-4-8 
616F-235-4-10 
616F-235-4-12 
616F-235-4-9 

0.025 
0.025 
0.19 
0.19 
0.36 
0.36 
0.45 
0.64 
0.68 
0.79 
0.79 
0.94 
1.0 
1.2 
1.2 
1.2 
1.5 
1.6 
1.6 
2.0 
2.0 
2.4 
3.4 
3.7 
4.5 
5.6' 
5.6 
5.8 
5.8 
5.8 
6.2 

/P 
e expression % A Vol • 1001 — 

oblained. 
mensional changes. 

\ r 

395 
395 
560 
560 
315 
260 
335 
200 
700 
510 
700 
240 
300 
340 
690 
350 
630 
370 
395 
480 
510 
420 
430 
480 
550 
740 
740 
720 
630 
640 
630 

- l j , where 
1 

420 
420 
600 
600 
335 
275 
355 
220 
750 
540 
750 
260 
320 
370 
780 
380 
680 
390 
420 
510 
550 
450 
460 
510 
590 
790 
790 
760 
670 
680 
670 

, and p. are 

-0.06 
0.18 
0.02 

-0.14 
0.14 
2.06 
0.27 
1,73 
6.27 
0.73 
4.39 
0.27 
2.07 
2.81 

-15.7 
5.17 
1.66 
1,66 
2.41 
1,96 
3,93 
2.33 
6.13 
2.97 
6.60 
b 

21.1 
11.5 

b 
b 
b 

the initial 

0.14 
1.17 
0.76 
0.90 
0.21 
2.56 

-0.42 
0.21 
4.83 
1.45 
5.96 
2.36 

-0.35 
•0.41 
7.43 

-0.90 
6.97 
2.75 
4.28 
2.35 
3.66 
6.74 
7.08 
1.44 
4.75 
b 

62,5 
50 

b 
b 
b 

and final densiti 

-7.3 
-4.1 
-6.5 
-3.7 
-2.4 
-8.7 
-1.3 
-0.3 
7.5 
0.8 

-1.1 
-1.7 
-1.1 
-0.8 

1017.1 
-0,8 
-1.4 
16.3 
22,7 
3.5 

-1,9 
b 

-68.2 
-2-8 
-8.9 
b 
34 
74 
b 
b 
b 

b 
b 
b 
b 
0.98 
2.9 
0.62 
0.89 

12.9 
1.24 

13.9 
1.58 
1.72 
2.4 

29 
2.2 

14,3 
5.0 

10.3 
7.6 

10.0 
17C 
14,8 
10.3 
48 
83 

183 
136 
182 
127 
152 

s, respectively. 

2.7 
7.9 
1.4 
1.4 

19 
1.6 

18 
1.7 
1,8 
1.9 

23 
1.8 
9.7 
3.1 
6.5 
3.7 
4.9 
7.0t 
4.3 
2-7 
9.7 

15 
33 
25 
32 
22 
25 

Severely warped. 
In three pieces. 
Uniformly swelled. 
Uniformly swelled. 
In four pieces. 
In three pieces. 
In three pieces. 

TABLE V. Effect of Irradiation on Unclad Specimens of U-5 wl % Fs-2,5 wt % Zr Alloy 

No. 

Original 
Specimen 

No. 

Midlength Irrad 
Temp, °C 

Length 
Change, 

Weigfit 
Change, 

Density 
Decrease, 

CP-3-5 
CP-3-2 
CP-4-2 
CP-5-3 
CP-5-4 
CP-12-2 
CP-1-1 
CP-2-4 
ANL-6-119-3 
CP-6-4 
CP-6-2 
ANL-6-117-6 
ANL-6-117-3 
ANL-42-12-2 
ANL-6-116-6 
ANL-6-116-3 
ANL-42-4-6 
CP-7-2 
ANL-6-115-6 
ANL-42-14-2 
ANL-42-2-6 
ANL-42-3-6 
ANL-6-113-3 
ANL-6-113-6 
ANL-42-19-2 
ANL-42-1-6 
CP-9-2 
CP-9-6 
CP-9-4 
CP-8-6 
CP-8-2 
CP-8-1 

E-3F-1B-8-9 
E-3F-1B-13-7 
E-3F-1B-13-8 
E-3F-tB-13-10 
E-3F-1B-8-II 
E-3F-1B-9-6 
E-3F-1B-13-9 
E-3F-1B-8-8 
E-3F-1B-6-13 
E-3F-1B-13-11 
E-3F-1B-13-6 
E-3F-1B-6-10 
E-3F-1B-6-9 
E-3F-1B-9-4 
E-3F-1 
E-3F-1 
E-3F-1 
E-3F-1 
E-3F-16-6-6 
E-3F-IB-8-12 
E-3F-1B-8-2 
E-3F-1B-8-3 
E-3F-1B-6-I 
E-3F-1B-6-2 
E-3F-1B-9-11 
E-3F-1B-8-1 
E-3F-lA-t- l l 
E-3F-1A-1-8 
E-3F-IA-1-13 
E-3F-1A-1-12 
E-3F-1A-1-10 
E-3F-1A-1-9 

!-13-12 

0,025 
0.025 
0.19 
0.26 
0-26 
0.29 
0.35 
0.44 
0-62 

350 
340 

720 
720 
630 
640 

2.04 
3.60 
3.85 

3.29 
6.67 

2-00 
23.09 
29.30 
2.97 
2,14 

33.38 

12.72 
17.26 
15.52 
23.43 
12.48 
24.55 
25,82 
31.26 
64.34 
52.50 
53.18 
54.72 
59.48 
59.83 
60.28 

rregularly swelled, in two pieces. 

Slight swelling near upper end. 
Swelled near upper end. 
Sligl>l swelling near upper end. 

Slight swelling near upper end. 
Surface cracks. 

Severely swelled near upper end. 

In two pieces-
In two pieces. 
Pari of specimen not located. 

'Calculated from the expression % A Vol • 

''Measurement not obtained. ^A I ] , where p- and p, are the initial and final densities, respectively. 



lABLE VI, Elled ol Irrailialion on Unclail Specimens ol lJ-6,7 wl % Fs-3,3 wl » Zr Alloy 

Specimen 
No. 

CP-I-I 

CP-1-4 

CP-Z-6 

ANL-6-n9-l 

CP-6-6 

ANL-42-10-4 

ANL-C-12-6 

ANL-6-116-1 

ANL-42-15-5 

ANI-42-Z2-4 

ANL-42-9-3 

ANL-C-23-5 

ANL-42-24-6 

ANL-42-14-4 

ANL-42-16-6 

ANL-42-18-4 

ANL-6-123-4 

ANL-42-20-6 

ANL-42-I9-5 

Original 
Specimen 

No, 

E-SF-2A-2-2 

E-SF-ZA-W-2 

E-SF-2A-Z-1 

E-SF-2A-4-1 

E-SF-2A-2-4 

E-Sf-2A-2-5 

E-SF-2A-14-4 

E-SF-2A-1-Z 

E-SF-2A-14-? 

E-SF-2A-1-10 

E-SF-ZA-14-1 

E-SF-2A-I-12 

E-SF-2A-1-13 

E-SF-2A-W-6 

E-SF-ZA-14-8 

E-SF-2A-14-I0 

E-SF-2A-1-; 

E-SF-2A-14-12 

E-SF-2A-14-11 

Burnup, 
al, % 

0,19 

0,36 

0,45 

0,61 

0,66 

1,1 

1,1 

1,2 

1,4 

1.4 

1,5 

1,5 

1.7 

2,3 

2,7 

3,1 

3,7 

41 

4.8 

Midlenglh 

Temp, 

Surlace 

5«1 

260 

285 

170 

700 

440 

590 

320 

250 

340 

560 

360 

350 

390 

410 

320 

420 

460 

540 

Irrad 

Cenler 

600 

275 

305 

190 

750 

470 

640 

350 

270 

360 

610 

390 

380 

420 

450 

350 

460 

500 

580 

Lenglh 
Change, 

% 
0,88 

0,45 

0-50 

1,28 

7,90 

1,94 

1,82 

0.82 

1.03 

2.07 

1,60 

2,30 

2 10 

321 

5.74 

2,30 

12,3 

0,90 

8,72 

Avg 
Dia 

Change, 
% 

-1-04 

-0,76 

0.21 

0,77 

9,65 

0,48 

6,45 

0,90 

334 

1.11 

0.84 

0,55 

0,69 

2.44 

34 

2.02 

50 

40 

20.2 

Weighl 
Change, 

mg 

-1 1 

24,4 

0,2 

0,9 

51,6 

0,1 

14,8 

-0,2 

-1,1 

-32 

-0,7 

-1,4 

-1,5 

-0,7 

3,5 

-38 

-5,5 

-1-1 

6-0 

Densily 

Decrease, 

4-41 

1-03 

1-30 

2-22 

20-48 

3-40 

13,34 

2,23 

10-37 

4-62 

4-86 

4-79 

3-63 

9,74 

33,71 

7,56 

48,84 

45,66 

29.19 

% A Vol' ' 

al, % Burnup 

24 

2-8 

2-9 

38 

39 

31 

13 

2-0 

7-8 

3-5 

14 

3-4 

2-3 

4-5 

19 

2-6 

26 

21 

8-6 

Swelled near upper end. 

Swelled near upper end. 

Swelled near upper end. 

^Calculated from the expression % A Vol = 100 ^i-\ where p, and p. are the init ial and final densities, respectively. 

TABLE V I I . Effect of Irradiation on Unclad Specimens of U-10 wt % Fs-5 wt % IT Alloy 

Specimen 
No, 

CP-4-6 

CP-1-3 

CP-2-2 

ANL-6-119-4 

ANL-42-13-6 

CP-6-3 

ANL-42-9-6 

ANL-42-12-5 

ANL-6-116-4 

ANL-42-15-4 

CP-7-6 

ANL-42-23-4 

ANL-42-24-5 

ANL-6-122-4 

ANL-42-16-5 

ANl-42-17-6 

ANL-42-20-5 

ANL-42-19-4 

ANL-42-21-6 

Original 
Specimen 

No, 

E-SF-lA-2-2 

E-SF-lA-8-8 

E-SF-lA-2-1 

E-SF-lA-1-4 

E-Sf-lA-8-5 

E-SF-lA-2-3 

E-SF-lA-8-1 

E-SF-lA-8-4 

E-SF-lA-1-2 

E-SF-lA-8-7 

E-SF-lA-2-4 

E-SF-lA-1-10 

E-SF-lA-1-11 

E-SF-lA-1-6 

E-SF-lA-1-12 

E-SF-lA-8-9 

E-SF-lA-8-12 

E-SF-lA-8-11 

E-SF-lA-8-13 

Burnup, 
al- % 

0-19 

0-36 

045 

0-63 

0-65 

0-73 

0-86 

I-l 

1.1 

1-4 

1-4 

L6 

1-6 

1.9 

2.6 

2-7 

39 

4,6 

5,0 

Midlenglh 
Temp, 

Surlace 

560 

260 

310 

160 

310 

700 

410 

510 

260 

220 

350 

310 

310 

490 

370 

380 

400 

460 

520 

Irrad 
°C 

Cenler 

600 

275 

355 

170 

340 

750 

450 

550 

280 

240 

390 

340 

340 

530 

400 

410 

430 

500 

570 

Lenglh 
Change, 

% 
0,19 

0-33 

0-14 

034 

017 

1-50 

064 

-0-31 

0-63 

1-72 

1-13 

0-89 

4-05 

6,58 

5,12 

4-82 

6-77 

12,42 

Avg 

Dia 
Change, 

% 
0,21 

2,82 

014 

0-83 

1-52 

2-42 

-0-03 

5-41 

0-55 

2.35 

0-41 

1-04 

0-06 

2,21 

51.7 

3.81 

4,79 

6,60 

10,6 

Weight 
Change, 

mg 

-7-6 

1,6 

-01 

-01 

1-3 

7-2 

3,3 

5,0 

OO 

0,0 

b 

-3,1 

-3,8 

5,1 

1,8 

-15.6 

-12-7 

b 

-59-0 

Oensity 
Decrease, 

% 
b 

0,23 

1,26 

1.63 

5,85 

5-12 

2-98 

7-69 

2-61 

5-64 

8-61 

4-91 

2-46 

10-12 

42-84 

14-19 

21-58 

i;.6i: 

27,25 

% A Vol̂  

at, % Burnup 

2-0 

2-9 

2-6 

9-7 

7-6 

3.6 

7.6 

2-4 

4-2 

6-5 

3-2 

1-7 

5.9 

27 

60 

6.9 

i.tf 
7.6 

Remarks 

In two pieces. 

Sv^elled near upper end. 

••Calculated from the expression % A Vol 

''Measurement not ot)tained. 

'•Calculated from dimensional changes. 

loop-
VPI 

where p. and p are the init ial and linal densities, respectively. 
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Specimen No. 

Burnup, a t . % 

Max Irrad T e m p , °C 

°lo A Volume per at . "Vo Burnup 

ANL-42-10-6 

1.1 

520 
4.3 

ANL-42-14-6 

2.3 

410 

9.9 

ANL-6-113-4 

3.8 

530 

12 

ANL-42-19-

4.9 

650 

9.3 

Fig. 5. Postirradiation Condition of Typical U-3.3 wt <?» Fs-1.7 wt % Zr Alloy Specimens. 
Mag. 2X. Neg. Nos. MSD-26889, -27079, -27595, and -27449. 

I I 
Specimen No. 
Burnup, at. lo 
Max Irrad Temp, °C 
ô A Volume per at. lo Burnup 

, - 42 -10-5 

1.1 

520 

3.0 

ANL-42-14-5 

2.3 

430 

11 

ANL-6-113-1 

3.4 

460 

7.4 

ANL-42-

4.9 

680 

17 

Fig. 6. Postirradiation Condition of Typical U-3.7 wt '^o Fs Alloy Specimens. 
Mag. 2X. Neg. Nos. MSD-26888, -27078, -27592, and -27452 . 
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Specimen No. 
Burnup, at. '^o 
Max Irrad Temp. °C 
to A Volume per at. ô Burnup 

ANL-6-116-5 
1.2 
370 
1.9 

ANL-42-14-1 
2.4 
450 
7.0 

ANL-42-7-6 
3.7 
510 
2.7 

Fig. 7. Postirradiation Condition of Typical U-5 wt lo Fs Alloy Specimens. 
Mag. 2X. Neg. Nos. MSD-24699, -27074. -27438, and -160663. 

Specimen No. 

Burnup, at. % 

Max Irrad Temp, "C 

% A Volume per at . °]o Biurnup 

A N L - 6 - H 6 - 3 

1.2 

380 

2.6 

ANL-42-3-6 

3.1 

360 

4.6 

ANL-6-113-6 

3.8 

510 

9.2 

CP-9-6 

5.8 

760 

20 

Fig. 8. Postirradiation Condition of Typical U-5 v/t'yo Fs-2.5 v/t'Vo Zr Alloy Specimens. 
Mae. 2X. Nee. Nos. MSD-24697. -27701, -27598, and -160664. 
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Specimen No. ANL-6-116-1 ANL-42-14-4 ANL-42-18-4 ANL-42-19-5 
Burnup, at. % 1.2 2.3 3.1 4.8 
Max Irrad Temp. "C 350 420 350 580 
% A Volume per at. ?» Burnup 2.0 4.5 2.6 B.6 

Fig. 9. Postirradiation Condition of Typical U-6.7 wt % Fs-3.3 wt <7o Zr Alloy Specimens. 
Mag. 2X. Neg. Nos. MSD-24695, -27077, -27443, and -27451. 

Specimen No. 

Burnup, a t . °lo 

Max Irrad T e m p , °C 

<?» A Volume per a t . 7o Burnup 

ANL-6-116-4 

1.1 

280 

2.4 

A N L - 4 2 - n - 6 

2.7 

410 

6.0 

ANL-42-19-4 

4.6 

500 

4.3 

ANL-42-21-6 

5.0 

570 

7.6 

Fig. 10. Postirradiation Condition of Typical U-10 wt <?» Fs-5 wt lo Zr Alloy Specimens. 
Mag. 2X. Neg. Nos. MSD-24698, -27090, -27450, and - 2 7 5 9 1 . 
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i r radiated specimens from each alloy group. Burnups ranged as high as 
6.2% of uranium atoms, and center fuel temperatures ranged from 170 to 

790°C. 

1. Dimensional Stability 

The random grain orientation that resulted from the casting 
operation eliminated anisotropic growth as a significant source of dimen
sional stability in all but a few cases . Fur thermore , the mater ia l s were 
all fine-grained, so surface roughening was also eliminated. 

The principal source of dimensional instability was high-
temperature swelling. It was intended that enough specimens would be i r 
radiated under a wide range of experimental conditions to permit definition 
of the relationships between swelling rate, irradiation tempera ture , and 
burnup for each alloy. Unfortunately, the wide scat ter in the experimental 
data did not permit quantitative conclusions to be drawn concerning the 
effects of irradiation temperature on swelling rates for most of the alloys. 
However, for the two alloys of greatest interest , U-5 wt % Fs and U-5 wt % 
Fs-2 .5 wt % Zr, the general relationship between swelling rate and maxi
mum irradiation temperature could be determined with reasonable certainty. 
Figure 11 shows the swelling curves for these two alloys. The U-5 wt % Fs 
alloy is more capable of resisting high-temperature i rradiat ion swelling. 

MA«mUM TEWPERATURE. 

Fig. 11. Swelling Rates of U-5 wt <7o Fs and U-5 wt % Fs-2.5 wt % Zr Alloys 
under Irradiation. The curves are least-squares fits to the swelling 
data shown in Tables IV and V. 
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S e v e r a l s p e c i m e n s exh ib i t ed a n o n u n i f o r m type of swel l ing unde r 
i r r a d i a t i o n , in wh ich m o s t of the v o l u m e c h a n g e s deve loped a t the uppe r ends 
of the s p e c i m e n s . M o s t of the s p e c i m e n s so a f fec ted had c o m p o s i t i o n s 
known to be p r e d o m i n a n t l y a l p h a - p h a s e b e f o r e i r r a d i a t i o n . The u p p e r - e n d 
swe l l i ng w a s u s u a l l y in the f o r m of a l a r g e b u b b l e . F i g u r e 12 shows a 
g r o u p of s p e c i m e n s in v a r i o u s s t a g e s of g r o w t h and c o l l a p s e of a l a r g e 
b u b b l e . Swel l ing a t the u p p e r ends of fuel s p e c i m e n s i r r a d i a t e d in NaK has 
b e e n o b s e r v e d previous ly .^""^^ It i s b e l i e v e d to be the r e s u l t of l oca l o v e r 
hea t ing due to t e m p e r a t u r e s t r a t i f i c a t i o n a t the top of the NaK s u r r o u n d i n g 
the s p e c i m e n s . This condi t ion , w i th i t s a t t e n d a n t t e m p e r a t u r e u n c e r t a i n t i e s , 
i s b e l i e v e d to be l a r g e l y r e s p o n s i b l e for the wide s c a t t e r in the data r e l a t i n g 
swe l l ing r a t e s of the a l l oys to i r r a d i a t i o n t e m p e r a t u r e . 

Stages in the Development and Collapse 
of a Bubble in U-Fs and U-Fs-Zr Alloy 
Specimens during Irradiation. Mag. 2X. 
ANL Neg. No. 106-5963. 

2 . M i c r o s t r u c t u r e 

F i g u r e s 13-24 show p h o t o m i c r o g r a p h s of t yp ica l m i c r o s t r u c t u r e s 
of the u n i r r a d i a t e d and i r r a d i a t e d a l loys i n v e s t i g a t e d . I n m o s t c a s e s , the un
i r r a d i a t e d and i r r a d i a t e d s p e c i m e n s whose m i c r o s t r u c t u r e s a r e s h o w n a r e 
f r o m the s a m e c a s t i n g . 
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^im 
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Fig. 13. Preirradiation Microstructure of 

U-3.3 wt lo Fs-1.7 wt lo Zr Alloy. 

(Casting No. E-3F-1C.) Mag.400X. 

Neg. No. MSD-24929. 

Fig. 14. Microstructure of U-3 .3 wt lo Fs-1.7 wt % Zr 

Alloy after Irradiation to 1.1 at . <5o Burnup at 

520 'C. (Specimen No. ANL-42-10-6 from 

casting No. E-3F-1C.) Mag. 400X. 

Neg. No. MSD-160665. 

15. Preirradiation Microstructure of 

U-3.7 wt ^0 Fs Alloy. (Casting 

No. l -E-2 . ) Mag. 400X. Neg. 

No. MSD-24930. 

Fig. 16. Microstructure of U-3.7 wt '^o Fs Alloy 

after Irradiation to 3.1 at. "Vo Burnup at 

380°C. (Specimen No. ANL-42-18-5 

from casting No. l -E-2 . ) Mag. 400X. 

Neg. No. MSD-160666. 
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Fig. 17. 
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Preirradiation Microstructure of 
U-5 wt % Fs Alloy. (Casting 
No. E-B16F-235.) Mag. 400X. 
Neg. No. MSD-24927. 

'S-MX. 

Fig. 18. Microstructure of U-5 wt °!o Fs Alloy after 
Irradiation to 1.2 at. lo Burnup at 370°C. 
(Specimen No. ANL-6-116-5 from casting 
No. E-B16F-236.) Mag. 400X. Neg. 
No. MSD-28539. 

Fig. 19. Preirradiation Microstructure of U-
5 wt 70 Fs-2.5 wt <^o Zr Alloy. Cast
ing No. E-3F-1A.) Mag. 400X. 
Neg. No. MSD-24926. 

Fig. 20. Microsnucture of U-5 wt °lo Fs-2.5 wt % Zr 
Alloy after Irradiation to 1.1 at. lo Burnup 
at 320°C. (Specimen No. ANL-117-6 from 
casting No. E-3F-1B.) Mag. 400X. Neg. 
No. MSD-28543. 
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Fig. 21. Preirtadiadiation Microstructure of 
U-6.7 wt ?o Fs-3.3 wt lo Zr Alloy. 
(CastingNo.E-SF-2A.) Mag.400X. 
Neg. No. MSD-24931. 

- > • -

Fig- 22. Microstructure of U-6.7 wfyo Fs-3.3 wt îo Zr 
Alloy after Irradiation to 1.5 at. '^o Burnup at 
390°C. (Specimen No. ANL-42-23-5 from 
casting No. E-SF-2A.) Mag. 400X. Neg. 
No. MSD-160667. 

i ^ 

Fig. 23. Preirradiation Microstructure of U-
10 wt '^0 Fs-5 wt % Zr Alloy. (Cast
ing No. E-SF-IA.) Mag. 400X. 
Neg. No. MSD-24928. 

Fig. 24. Microstructure of U-10 wt "Vo Fs-5 wt <^o Zr 
Alloy after Irradiation to 1.6 at. lo Burnup 
at 340°C. (Specimen No. ANL-42-23-4 
from casting No. E-SF-IA.) Mag. 400X. 
Neg. No. MSD-160668. 
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The i r radiated specimens selected for metallographic studies 
were among those that did not show large volume changes. Their micro-
s t ruc tures , therefore., were largely free of porosity of a size sufficient to 
be visible by optical metallography. All the specimens showed the general 
coarsening of s t ructure and agglomeration of precipitated phases that are 
character is t ic of uranium-base alloys i r radia ted to burnups greater than 
a few tenths of a percent . The effects of i r radiat ion on the alloy micro-
structures did not appear to depend greatly on the alloy compositions. 

More recently, e lectron-microscopic examinations at higher 
magnifications have been made on U-5 wt % Fs alloy from EBR-II driver 
fuel elements.^"' These examinations showed that swelling of the fuel at 
temperatures below^ 560°C occurs predominantly because of micr clearing-
Above 560°C swelling is due to the formation and agglomeration of fission-
gas bubbles. This behavior is s imilar to that observed for unalloyed ura
nium i r radia ted to burnups of several tenths of a percent.^^ 

3. Phase Reversion 

Because of the s imilar i ty of uranium-fiss ium alloys to the 
uranium-molybdenum alloy system, this investigation included experiments 
to determine whether fissium alloys i r radiated at temperatures below the 
alpha-gamma transformation exhibited revers ion to the gamma phase., as 
had been noted in comparable uranium-molybdenum alloys ^̂  Such uranium-
molybdenum alloys show the excellent dimensional stability character is t ic 
of isotropic gamma-phase uranium. On the other hand, if the fission rate is 
too low to cause the alloy to rever t to the gamma phase, a two-phase s t ruc
ture of alpha-plus-delta (or gamma) that shows enhanced swelling is formed-

The experiments were therefore designed to determine if 
uranium-fiss ium mater ia l i r radiated below the lower temperature boundary 
of the gamma phase (552°C) showed evidence of retained gamma phase- A 
sensitive test.- measurement of electr ical resis t ivi ty as a function of tem
perature , was used to determine whether the alloys were predominantly 
alpha or gamma. Uranium alloys that are predominantly gamma exhibit a 
negative tempera ture coefficient of resis t ivi ty. Uranium alloys that are 
predominantly alpha show a normal positive temperature coefficient. 

Accordingly., to determine if the i rradiat ion conditions induced 
phase revers ion in the alloys, the electr ical resist ivi ty of unirradiated and 
i r radiated specimens of each alloy (except the U-3.7 wt % Fs alloy) was 
measured at 17. -76, and -198°C with a Kelvin double bridge- At least two 
readings were taken on each specimen., and when the readings differed by 
more than 1 nfi, three or more readings were taken and averaged. For 
additional accuracy, each specimen was reversed in position in its holder 
and remeasured . The resis t ivi ty measurements at 1 7°C were made with 
the specimen immersed in chlorethane kept at constant temperature by 
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water circulating through coils m the bath. Mechanical ^ ^ i " " ^ ^ ^ ^ ^ ^ ^ ^ ^ 

to provide temperature uniformity- A - - ^ ^ ^ ° .^^"P^^.^'^^^'^tas used for i.^ ^*- 7A° anH liQuid nitroeen was usea lor ice was used for the measurements at -76 , and Uquia n g 
the measurements at -198°C. Temperatures were ^ ^ ^ " ^ ^ ^ ^ ^ ^ " * ^ " „„ 
mercury thermometers or copper-constantan thermocouples, depending on 

the temperature range of interest-

Figure 25 il lustrates the effect of increasing fissium and zir
conium content on the resistivity (p)- The U- 5 wt % Fs alloy is at leas 
partially gamma phase- Increasing the alloy content increases the r e s i s 
tivity, as would be expected- It can also be noted from the slopes of the 
curves that increasing the fissium content tends to convert the alloys from 
alpha to gamma phase- Conversely, zirconium tends to stabilize the alpha 

T 

- 1 6 0 - 1 2 0 - 8 0 -itO 

TEMPERATURE. "C 

Fig. 25. Electrical Resistivity vs Temperature of 
Unirradiated U-Fs and U-Fs-Zr Alloys 
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phase. Both of these effects confirm ear l ie r resul ts of metallographic 
examinations made during studies of phase relations in the uranium-

12 

fissium-Zirconium system. 

Table VIII and Figs . 26-30 show the effects of irradiation on 
all the alloys studied except U-3.7 wt % fissium, for which a suitable 
specimen was not available. The changes in e lectr ical resist ivi ty induced 
by irradiat ion were greates t for the specimens with lower alloy contents. 
Figure 27 shows that i r radiat ion of the U-5 wt % Fs alloy transformed the 
retained gamma into the thermodynamically stable alpha phase. (The slope 
of the resis t ivi ty curve changed from negative to positive with irradiation.) 
It can be concluded that uranium-fissium alloys do not exhibit reversion to 
the gamma phase under at least the range of conditions studied in this 
experiment. 

TABLE VIII- Ellecl ol Irrafliation on Electrical Resistivity ol U-Fs and U-Fs-Zr Alloys 

Irradiation-induced 

Irrad Test Change in 

Specimen Composition, Burnup, Temp, Temp, p, Avg P/°C, 

wt % at- % "C °C uO-cm Avg p/°C 

U-3-3 Fs-l-7 Zr 1-2 410 12 S6 
-68 51 

-72 
•198 

13 
-71 

•198 

13 
-72 

-198 

U 
-74 

-198 

12 
-70 

-198 

16 
-77 

-197 

d9 
37 

53 
46 
33 

48 
44 
31 

55 
51 
41 

63 
59 
50 

73 
73 
72 

72 J 
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Fig. 26 Effect of Irradiation to 1.2 at. 7o Burnup at 410°C on the 
Electrical Resistivity of U-3.3 wt % Fs-1.7 wt % Zr Alloy 

Fig. 27. Effect of Irradiation to 1.2 at. % Burnup 
on the Electrical Resistivity of U-5 wt 7o 

at 370"C 
Fs Alloy 
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Fig. 28. Effect of Irradiation at Temperatures from 210 to 380°C on 
the Electrical Resistivity of U-5 wt 7o Fs-2.5 wt 7o Zr Alloy 

Fig. 29. Effect of Irradiation to 0.61 at. ô Burnup at 190*C on the 
Electrical Resistivity of U-6.7 wt % Fs-3.3 wt <yo Zr Alloy 
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50 

UNIRRADIATED 

- 1 0 0 

TEMPERATURE. 

Fig. 30. Effect of Irradiation at Temperatures from 170 to 280°C on 
the Elecnrical Resistivity of U-10 wt % Fs-5 wt % Zr Alloy 

4. Effects of T h e r m a l Cycling 

Nonrandom g r a i n o r i en t a t i ons in a l p h a - p h a s e u r a n i u m or i t s 
a l loys can cause a n i s o t r o p i c d i m e n s i o n a l changes when the a l l oys a r e i r 
r a d i a t e d . S imi l a r d imens iona l changes can deve lop if s p e c i m e n s of s u c h 
m a t e r i a l s a r e sub jec ted to t h e r m a l cyc l ing . Since t h e r m a l - c y c l i n g t e s t s 
a r e e a s i e r to p e r f o r m and take l e s s t i m e than i r r a d i a t i o n t e s t s , t hey a r e 
often u s e d as a p r e l i m i n a r y check to s c r e e n out u n d e s i r a b l e m a t e r i a l s b e 
fore they a r e sub jec ted to i r r a d i a t i o n e x p e r i m e n t s . T h e r m a l - c y c l i n g t e s t s 
can t h e r e b y p rov ide independent i n f o r m a t i o n on the e x i s t e n c e of p r e f e r r e d 
g r a i n o r i en ta t ions in a l p h a - p h a s e u r a n i u m a l l o y s . 

The U - F s and U - F s - Z r a l loys w e r e s u b j e c t e d to r e p e a t e d 
cycl ing be tween t e m p e r a t u r e s tha t w e r e r e p r e s e n t a t i v e of the e x t r e m e s 
n o r m a l l y e x p e r i e n c e d by the d r i v e r fuel in E B R - I I . The s e q u e n c e for a 
s ingle cycle cons i s t ed of holding a t 370°C for 2 h r , hea t ing to 670°C in 
30 min , holding at 670°C for 1 h r , and cool ing to 370°C in 30 m i n . The long 
holding t i m e s w e r e u s e d to p e r m i t the a l loys to c o m e to p h a s e e q u i l i b r i u m 
at each t e m p e r a t u r e e x t r e m e . F ive h u n d r e d t h e r m a l c y c l e s w e r e u s e d . 
Length and i m m e r s i o n dens i ty w e r e m e a s u r e d a f te r 58, 150, 300, and 
500 cyc le s . 
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To investigate possible differences in behavior resulting from 
the differing cooling ra tes , specimens of each alloy were cut from the top 
and bottom of injection-cast pins. An exception was the U-3.7 wt % Fs 
alloy, for which a bottom specimen was not available. The specimens were 
contained in a NaK-filled capsule during cycling. Temperatures were 
determined by thermocouples adjacent to the specimens. 

To traijsform to alpha any remaining gamma phase in the alloys, 
the specimens were subjected to a 24-hr anneal at 500°C before they were 
cycled. The resulting changes in length and density are shown in Table IX. 
Most specimens decreased in length and all increased in density, as would 
be expected if any gamma phase remaining in the alloys were transformed 
to alpha. All measurements on the specimens after thermal cycling were 
compared to the measurements on the specimens after the anneal. 

TABLE IX. Length and Density Changes o£ Specimens Annealed for 24 hr 
at 500°C before Thermal-cycling Tests 

Spec imen 
No. 

9 

15 

13 

11 

17 

8 

14 

7 

12 

10 

16 

Or ig ina l 
Spec imen 

No. 

E - 3 F - 1 C - 6 - 1 

E - 3 F - 1 C - 6 - 1 3 

1 E 2 - 4 - 1 3 

E - B 1 6 F - 2 3 5 - 1 4 - 1 

E - B 1 6 F - 2 3 5 - 1 4 - 1 3 

E - 3 F - 1 A - 3 - 1 

E - 3 F - l A - 3 - 13 

E - S F - 2 A - 3 - 1 

E - S F - 2 A - 3 - 1 3 

E - S F - l A - 5 - 1 

E - S F - l A - 5 - 13 

P o s i t i o n 
in 

Cast ing 

Top 

Bot tom 

Bot tom 

Top 

Bot tom 

Top 

Bot tom 

Top 

Bot tom 

Top 

Bot tom 

Alloy 
Compos i t ion , 

wt % 

U-3 .3 F s - 1 . 7 Zr 

U-3 .3 F s - 1 . 7 Zr 

U-3 .7 F s 

U-5 Fs 

U-5 F s 

U-5 F s - 2 - 5 Zr 

U-5 F s - 2 . 5 Zr 

U-6.7 F s - 3 - 3 Zr 

U-6.7 F s - 3 . 3 Zr 

U-10 F s - 5 Zr 

U-10 F s - 5 Zr 

Length 
Change. 

0.00 

-0 .15 

0-039 

-0 .020 

-0 .094 

0.00 

-0 .054 

-0 .52 

-0 .22 

-0 .12 

-0 .34 

Density 
Change, 

% 

0.64 

0.67 

0.69 

1.16 

0.72 

0.71 

0.81 

0.34 

1.01 

N.A. 

0.98 

The effects of thermal cycling on the length and density of the 
annealed specimens are shown in Figs. 31 and 32, respectively. Table X 
summarizes the effects. Elongations of up to 1.42% were noted, and den
sity decreases were as large as 1.637o-

The density decreases are believed to be due to formation of 
internal voids- The development of internal voids has been observed pre 
viously in alpha-phase uranium alloys that have been thermally cycled to 
tempera tures above the upper boundary of single-phase alpha. 

A ratio of length change to density change that differs appre
ciably from 0.7 for any given specimen in this study indicates that some 
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Fig. 31. Cumulative Changes in Length of U-Fs and U-Fs-Zr 
Alloy Specimens Cycled between 370 and 670°C 

Fig. 32. Cumulative Changes in Density of U-Fs and U-Fs-Zr 
Alloy Specimens Cycled between 370 and 670''C 
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TABLE X Summary ol Cumulative Changes in Length (L) and Density (D) of U-Fs and U-Fs-Zr 
Alloy Specimens Cycled between 370 and 670°C 

No. 

9 

15 

13 

11 

17 

8 

14 

7 

12 

10 

16 

Original 
Specimen 

No. 

E-3F-1C-6-1 

E-3F-1C-6-13 

1E2-4-13 

E-B16F-235-14-1 

E-B16F-235-14-13 

E-3F-1A-1 

E-3F-1A-13 

E-5F-2A-3-1 

E-SF-2A-3-13 

E-SF-lA-5-1 

E-5F-1A-5-13 

Position 
in 

Casting 

Top 

Bottom 

Bottom 

Top 

Bottom 

Top 

Bottom 

Top 

Bottom 

Top 

Bottom 

Alloy 
Composition. 

wt % 

U-3.3 Fs-1.7 Zr 

U-3.3 Fs-1.7 Zr 

U-3.7 Fs 

U-5 Fs 

U-5 Fs 

U-5 Fs-2.5 Zr 

U-5 Fs-2.5 Zr 

U-6.7 Fs-3.3 Zr 

U-6.7 Fs-3.3 Zr 

U-10 Fs-5 Zr 

U-10 Fs-5 Zr 

58 

% i L 

0.29' 

0.43 

0.31 

0.44 

0.30 

0.34 

0.56 

0.49 

0.56 

0.34 

0.55 

%6B 

-0.48 

-0.48 

-0.44 

-0.74 

-0.71 

-0.52 

-0.55 

-0.36 

-0.75 

-0.86 

-0.80 

1 

% AL 

0.39 

0.82 

0.61 

0.65 

0.51 

0.61 

1.01 

0.76 

0.80 

0.57 

0.90 

lotal Number of Cycles 

150 

% AD 

-0.34 

-0.65 

-0.35 

-0.67 

-0.68 

-0.36 

-0.50 

-0.47 

-0.81 

-1.29 

-0.96 

300 

% i L 

0.51 

0.92 

0.72 

0.66 

0.64 

0.55 

1.15 

0.78 

0.80 

0.53 

0.96 

% AD 

-0.47 

-0.92 

-0.64 

-0.95 

-0.89 

-0.41 

-0.58 

-0.48 

-0.98 

-1.44 

-1.11 

500 

% AL 

1.08 

0.85 

N.A. 

0.75 

1.05 

1.00 

1.42 

1.25 

1.10 

0.78 

1.21 

%AD 

-0.61 

-1.11 

-0.81 

-0.98 

-1.33 

-0.90 

-0,97 

-091 

-1.35 

-1.63 

-1.52 

degree of prefer red grain orientation is present . This appears to be the 
case for specimens of the alloys that were predominantly alpha phase in 
the a s - cas t condition, i .e. , U-3.3 wt % Fs -1 .7 wt 7o Zr, U-3.7 wt % Fs , 
U-5 wt % Fs -2 .5 wt % Zr, and the U-6.7 wt % Fs-3 .3 wt % Zr specimen 
from the upper end of the casting. 

5. Effects of Post i rradiat ion Heating 

An i r radiated specimen of each alloy was progressively sub
jected to a se r ies of anneals at elevated temperatures (400-775°C) to ob
tain additional information on the influence of temperature on swelling 
behavior . " The specimens were annealed in high-purity argon for 24 hr 
at each tempera ture . Heating was provided by a platinum-wound furnace 
whose tempera ture was controlled within ±5°C. After each annealing treat
ment, the specimens were cooled to room temperature and measured for 
changes in length, diameter, and immersion volume. The specimens were 
sectioned and examined metallographically after the final anneal. Table XI 
shows the preannealing irradiat ion history of the specimens. 

TABLE XI. Irradiation History ol Specimens Subjected to Postirradiation Annealing Tests 

Specimen 
No. 

ANL-42-10-6 

ANL-42-18-5 

ET-3-14-53 

ET-2-2-52 

ANL-42-23-5 

ANL-42-23-4 

Original 

No. 

E-3F-1C-8-2 

1E2-12-10 

-

E-SF-2A-14-7 

E-SF-lA-1-10 

Alloy 
Composition, 

wt % 

U-3,3 Fs-1.7 Zr 

U-3.7 Fs 

U-5 Fs 

U-5 Fs-2.5 Zr 

U-6.7 Fs-3.3 Zr 

U-10 Fs-5 Zr 

Burnup, 
at. % 

1.1 

3.1 

1.5 

1.0 

1.4 

1.6 

Midi 

Surface 

470 

350 

N.A. 

N.A. 

250 

310 

ength 
lemp. 

Irrad 
°C 

Center 

520 

380 

370 

280 

270 

340 

^Specimens taken from a different series of irradiation experiments than those described in this report. 
However, they were manulactured and irradiated under the same conditions as the specimens described in 
this report. 
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Figure 33 summarizes the volume changes per at. % burnup 
measured for each specimen as a function of annealing tempera ture . Length 
and diameter changes showed similar t rends. As expected, the composition 
with the lowest alloy content showed the onset of severe swelling at the 
lowest temperature (500-525°C). This alloy, however, showed the lowest 
swelling/burnup ratio of any of the six compositions tested. The most 
severe swelling in the range 575-650°C was shown by the U-5 wt % Fs alloy. 

550 600 

TEMPERATURE. "C 

Fig. 33. Effect of Successive 24-hr Anneals on the Volume of Irradiated U-Fs and U-Fs-Zr Alloys 

W i t h t h e except ion of the U - 3 . 3 w t % F s - 1 . 7 w t % Zr c o m p o s i 
t ion , a l l a l loys s t ead i ly d e c r e a s e d in vo lume af te r annea l i ng at t e m p e r a t u r e s 
above tha t at which the m o s t r a p i d swel l ing was o b s e r v e d . This t e m p e r a 
t u r e a l s o p r o d u c e d s e v e r e s u r f a c e c r a c k i n g in a l l s p e c i m e n s . The c r a c k s 
e n l a r g e d and deepened wi th e a c h s u b s e q u e n t a n n e a l . P r e s u m a b l y , the 
c r a c k i n g was a c c o m p a n i e d by bubble l inkup wi th in the s p e c i m e n s , wh ich 
p e r m i t t e d m o s t of the r e t a i n e d f i s s ion gas to be r e l e a s e d . O t h e r p o s t i r r a 
d ia t ion hea t ing t e s t s on u r a n i u m - f i s s i u m a l loys have shoAvn tha t r a p i d r e 
l e a s e of f i s s ion gas co inc ides wi th the onse t of s e v e r e swell ing.^* 

The m e t a l l o g r a p h i c s e c t i o n s of the s p e c i m e n s showed tha t a l l 
had developed ex tens ive , un i fo rmly d i s t r i b u t e d p o r o s i t y . In add i t ion , the 
U - F s s p e c i m e n had developed a l a r g e c e n t r a l void ( see F i g . 34). This void 
is be l i eved to have c a u s e d m u c h of the vo lume i n c r e a s e i n d i c a t e d in F i g . 33 . 

B . Clad Spec imens 

The i r r a d i a t i o n s of the U - 5 wt % F s a n d U - 5 w t % F s - 2 . 5 w t % Zr 
a l loys inc luded e x p e r i m e n t s in tended to d e t e r m i n e the b e h a v i o r of the a l l oys 
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when i r r a d i a t e d wi th c ladding 
r e s t r a i n t . S e v e r a l d i f ferent 
c ladding m a t e r i a l s w e r e u s e d . 
They w e r e s e l e c t e d on the b a s i s 
of t h e i r i n t ended u s e in a p lanned 
s u b s e q u e n t s e r i e s of i r r a d i a t i o n s 
on U - P u - F s a l l o y s . ^ - ' The 
c ladding m a t e r i a l s u s e d in the 
e x p e r i m e n t s r e p o r t e d h e r e in
c luded n iob ium, v a n a d i u m , 
V-10 wt % T i - 3 wt % Nb a l loy, 
yt t r iunn, and I n c o n e l - X . The 
l a t t e r m a t e r i a l was p r o c u r e d in 
the s o l u t i o n - t r e a t e d condi t ion 
and was s e p a r a t e d f r o m the fuel 
by a 0 . 0 0 1 - i n . - t h i c k z i r c o n i u m 
foil to avoid p o s s i b l e eu t ec t i c 
f o r m a t i o n be tween the fuel and 
c l add ing . 

Fig. 34. 

F i g . 4 . 

Transverse Section of Irradiated U-5 wt ° 
Fs Alloy Specimen after Annealing at 
Temperatures up to 115'C. 
Neg. No. MSD-160601. 

Mas. 20X. 

All the c lad s p e c i m e n s 
w e r e i r r a d i a t e d for 10-13 m o n t h s 
in the C P - 5 r e a c t o r in i n s t r u 
m e n t e d t e m p e r a t u r e - c o n t r o l l e d 
c a p s u l e s of the type shown in 

C h r o m e l - A l u m e l t h e r m o c o u p l e s wi th an ou te r s h e a t h d i a m e t e r of 
0.020 in . w e r e p r e p a r e d a t ANL and u s e d for m e a s u r i n g c e n t r a l fuel t e m 
p e r a t u r e in s o m e of the s p e c i m e n s . These s m a l l - d i a m e t e r t h e r m o c o u p l e s 
w e r e u s e d to r e d u c e l o c a l t e m p e r a t u r e p e r t u r b a t i o n s . The r e m a i n i n g 
t h e r m o c o u p l e s , a l s o C h r o m e l - A l u m e l , in the capsu le w e r e c o m m e r c i a l l y 
p r o c u r e d and had a l / l 6 - i n . - d i a s h e a t h . C o n t r o l l e d t e m p e r a t u r e s w e r e 
a c h i e v e d by r e s i s t a n c e h e a t e r s , wi th r a t i n g s up to 3 kW, s u b m e r g e d in the 
NaK. 

The s p e c i m e n s w e r e 2 - i n . - l o n g l eng ths of i n j e c t i o n - c a s t fuel p i n s . 
They w e r e i n s e r t e d in c ladding having the s a m e d i m e n s i o n s a s those u s e d 
for the E B R - I I fuel e l e m e n t (0 .174- in . OD, 0 .009- in . wa l l t h i c k n e s s ) . The 
c ladding w a s s e a l e d a t the b o t t o m , bu t was left open a t the top to p e r m i t 
c a p s u l e NaK to e n t e r the fue l - c l add ing annulus and to s impl i fy i n s e r t i o n 
of t h e r m o c o u p l e s in to the c e n t e r of the fuel p i n s . F o u r ven t h o l e s , two 
e a c h a t d i f fe ren t e l e v a t i o n s , w e r e a l s o l o c a t e d n e a r the b o t t o m of the 
c ladding to f ac i l i t a t e e n t r y of NaK in to the a n n u l u s . E n t r y of NaK and 
wet t ing of the i n t e r f a c e s w e r e e n s u r e d by v i b r a t i n g the c a p s u l e s for 2 hr 
a t 400°C. 

1. D i m e n s i o n a l S tab i l i ty 

T a b l e XII s u m m a r i z e s the r e s u l t s of the i r r a d i a t i o n s of c lad s p e c i 
m e n s of U - 5 wt % F s and U - 5 wt % F s - 2 . 5 wt % Zr a l l o y s . F u e l b u r n u p s as 
h igh as 5-8 a t . % w e r e a c h i e v e d a t c e n t e r fuel t e m p e r a t u r e s up to 700°C. 



TABLE XII. Effects ot Irradiation on Clad Specimens ot U-5 wt % Fs and U-5 wt % Fs-Z.S w t % Z r Alloy 

Max 
Max Max Fuel Cladding 

„ , .,„,w, . u., Fuel Cladding Length Diameter 
Specimen sjecimen Composition, Cladding Burnup, Temp, Temp, Change, Change, 

No. No. *vt % Material at. % "C "C % % ^^""^'^^ 

Original Fuel 

CP-14-2 E-B16F-Z35-I3-4 U-5 Fs Niobium 5.3 

CP-13-2 E-fll6F-Z35-13-3 U-5 Fs Niobium 5.8 

700 600 4.8 0.56 Specimen intact, straight. Fuel extrusions up to 
30 mm long from vent holes. 

1.40 Specimen intact, slightly curved. Fuel extrusions 
10 mm long from vent tioles. 

E-B16F-Z35-13-6 U-5 Fs Vansalum S.3 700 600 9,8 l . « Specimen rnUcl, siraighl. Fuel extrusions up lo 
18 mm long from vent holes. 

Vanadium 5 8 700 600 2,8 1.50 Cladding split 9 mm long. Fuel extrusions up to 
8 mm long from vent holes and cladding split. 

CP-14-3 

CP-13-3 E-B16F-235-13-5 U-5 Fs 

CP-14-1 E-BI6F-235-13-2 U-5 Fs 

CP-13-1 E-B16F-235-13-1 U-5 Fs 

45 Cladding split 50 mm long. Specimen uniformly swelled. 

87 Cladding split 50 mm long. Specimen uniformly swelled. 

CP-15-5 

CP-15-3 

CP-15-4 

CP-15-6 

CP-15-1 

E-3F-1A-6-1J 

E-3F-1A-7-1 

E-3F-1A-6-3 

E-3F-1A-7-2 

E-3F-1A-6-1 

U-5 Fs-2.5 Zr 

U-5 Fs-2.5 Zr 

U-S Fs-2.5 Zr 

U-5 Fs-2,5 Zr 

U-5 Fs-2.5 Zr 

Vanadium 

Vanadium 

V-10 wt % Ti-
3 wt * Nb 

Inconel-X 

Inconel-X 

CP-15-J E-3f-lA-6-2 U-S Fs-2.5 Zr Niobium 4.8 650 5fO -3.8 UO Specimen inlaci, siraighl. Fuel exirusions 3 mm long 

Irom vent holes. 

610 525 -2,2 2,86 Specimen intact, curved. Fuel extrusions 4 mm long 
Irom vent holes, 

t,5o 560 -11,2 1,03 Cladding split 9 mm long. Fuel extrusions 4 mm long 
Irom vent holes and cladding split. 

610 525 -1,19 0.74 Specimen intact, straight. Fuel extrusions 3 mm long 
Irom vent holes. 

610 525 - 45 Specimen iractured in two pieces. Numerous brittle 
cladding lailures. Fuel extrusions 2 mm long Irom 
vent holes, 

650 560 2.9 20 Numerous brittle cladding tailure'.. Fuel extrusions 
Z mm long (rom vent holes. 

Fuel swelling in all specimens caused extrusion of the fuel alloy 
from the vent holes in the lower part of the cladding (except those specimens 
clad in yttrium). Figure 35 shows a typical example of such fuel extrusions, 
one of which is ~0.4 in. long. Other specimens developed fuel extrusions 
from the cladding vent holes that would have been over an inch long if they 
could have been recovered intact. 

Interestingly, except for specimen CP-13-2, no fuel pin elongated 
appreciably within its cladding. This was true even though the upper end of 
the cladding was open on all specimens and some specimens had no central 
thermocouples that might have provided some degree of axial res t ra in t . 
Apparently, frictional forces between the fuel and cladding prevent any 
appreciable axial movement of the fuel within the cladding. 

No failures of the niobium or the V-10 wt % Ti-3 wt % Nb 
cladding occurred. 

Two of the four vanadium claddings developed failures. Each 
failure was a ~0.3-in.-long ductile split near the center of the specimen. A 
characterist ic wedge-shaped extrusion of fuel then occurred through the de
fect, as shown in Fig. 36. 

Both yttrium-clad specimens developed severe cladding failures. 
The failures are surmised to have developed early. This conclusion is based 
on the extensive swelling of the fuel and on the absence of fuel extrusions 
from the cladding vent holes. Figure 37 shows the yt tr ium-clad specimen 
with the higher burnup. 
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Fig. 35 

Specimen No. CP-13-2, Niobium-clad 
U-5 wt '^0 Fs Alloy, after 5.8 at.<7o Burnup 
at Central Fuel Temperature of 700°C. 
Sheathed fuel thermocouple protrudes 
fromtopof specimen. Fuel has extruded 
through the four vent holes in the clad
ding. Mag.2X. Neg.No.MSD-160604. 

Fig. 36 

Specimen No. CP-15-3, 
Vanadium-clad U-5 wt % Fs-
2.5 wt ô Zr Alloy, after 
4.8 at. lo Burnup at Central 
Fuel Temperature of 660°C. 
Fuel is protruding from both a 
split in the cladding and the 
vent holes. Mag. 2X. Neg. 
No. MSD-160606. 

Fig. 37 

Specimen No. CP-13-1, Yttrium-
clad U-5 wt % Fs Alloy, after 
5.8 at. % Burnup at Central Fuel 
Temperature of 700'C. Cladding 
failure is believed to have occurred 
early in the experiment, as evi
denced by the absence of fuel extru
sions from the cladding vent holes. 
Mag. 2X. Neg. No. MSD-160603. 

B o t h s p e c i m e n s c l a d w i t h I n c o n e l - X d e v e l o p e d c l a d d i n g f a i l u r e s 

w i t h a h i g h l y b r i t t l e a p p e a r a n c e . T h e s p e c i m e n w i t h t h e h i g h e r b u r n u p i s 

s h o w n i n F i g . 3 8 . T h e I n c o n e l - X t u b i n g u s e d f o r t h e c l a d d i n g h a d b e e n p r o 

c u r e d i n t h e d u c t i l e s o l u t i o n - t r e a t e d c o n d i t i o n , a s s t a t e d e a r l i e r . P o s t i r r a 

d i a t i o n b e n d t e s t s a t t e m p t e d o n c l a d d i n g f r a g m e n t s f r o m s p e c i m e n C P - 1 5 - 1 

c o n f i r m e d t h e b r i t t l e c o n d i t i o n of t h e c l a d d i n g . 
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The 0 . 0 0 1 - i n . - t h i c k z i r c o n i u m foil b e t w e e n the I n c o n e l - X c l a d 
ding and the fuel c o v e r e d the vent h o l e s . N e v e r t h e l e s s , the p r e s s u r e d e 
ve loped by the swel l ing fuel even tua l ly r u p t u r e d the foil , a s e v i d e n c e d by the 
e x t r u s i o n of fuel f r o m the vent h o l e s . H y d r o s t a t i c r u p t u r e t e s t s w e r e m a d e 
on s e v e r a l s a m p l e s of the s a m e foil s t ock u s e d in the i r r a d i a t i o n s p e c i m e n s . 
The backup p la te had a d r i l l e d hole of the s a m e d i m e n s i o n s a s the ven t ho les 
in the s p e c i m e n c ladd ing . Rup tu re p r e s s u r e s , a t r o o m t e m p e r a t u r e , r a n g e d 
f r o m 1200 to 1850 p s i and a v e r a g e d about 1475 p s i . The t e m p e r a t u r e of the 
foil dur ing i r r a d i a t i o n was c a l c u l a t e d f r o m m e a s u r e m e n t s i n d i c a t e d by 
t h e r m o c o u p l e s ad jacen t to the c ladd ing . On the b a s i s of the known p r o p e r t i e s 
of z i r c o n i u m a t e l e v a t e d t e m p e r a t u r e s , the z i r c o n i u m foil i s e s t i m a t e d to 
have r e t a i n e d 48% of i t s r o o m - t e m p e r a t u r e s t r e n g t h a t the i r r a d i a t i o n t e m 
p e r a t u r e . The p r e s s u r e r e q u i r e d to r u p t u r e the foil du r ing the i r r a d i a t i o n 
t e s t i s t h e r e f o r e e s t i m a t e d to be n e a r 700 p s i . This p r e s s u r e can be 

a s s u m e d to be a lower l i m i t for the loca l h y d r o s t a t i c p r e s 
s u r e s developed by the swel l ing fuel . 

2. M e t a l l o g r a p h i c O b s e r v a t i o n s 

The s ix in t ac t s p e c i m e n s wi th c l add ings of n io 
b ium, vanad ium, and V- 10 wt % T i - 3 wt % Nb a l loy w e r e 
sec t ioned and e x a m i n e d m e t a l l o g r a p h i c a l l y . Bo th the fuel 
a l loys U-5 wt % F s and U - 5 wt % F s - 2 . 5 wt 7o Z r w e r e r e p 
r e s e n t e d , as shown in Table XIII. E a c h s p e c i m e n was 
sec t ioned t r a n s v e r s e l y a t the point of h i g h e s t t e m p e r a t u r e . 

The m e t a l l o g r a p h i c s e c t i o n of e a c h s p e c i m e n 
was c h a r a c t e r i z e d by a c e n t r a l zone of h igh p o r o s i t y s u r 
rounded by a zone of l e s s e r p o r o s i t y . A typ i ca l e x a m p l e is 
shown in F i g . 39. P o r e s i z e s in the c e n t r a l zone r a n g e d up 
to a p p r o x i m a t e l y 120 |j,. Some of the l a r g e r p o r e s had b e e n 
f o r m e d by c o a l e s c e n c e of s m a l l e r p o r e s , a s shoAwnin F i g . 40. 
The zone of high p o r o s i t y was s l igh t ly offset f r o m the c e n t r a l 
ax is of the s p e c i m e n b e c a u s e of the r a d i a l t e m p e r a t u r e p r o 
file in the t h r e e - s p e c i m e n capsu l e a r r a n g e m e n t . 

Most of the s p e c i m e n s showed ev idence of r e a c 
tion be tween the fuel and the c l add ing . R e a c t i o n l a y e r s w e r e 
f o r m e d by U - 5 wt % F s a l loy wi th n iob ium and v a n a d i u m 
cladding to depths up to 3.7 m i l s . Typ ica l r e a c t i o n zones 
a r e shown in F i g s . 41 and 4 2 . C r a c k s of the type shown in 
F i g . 42 w e r e a l s o noted in the n i o b i u m - c l a d U - 5 wt % F s 
a l loy . 

Fig. 38. Specimen No. CP-lS-1, Inconel-X-clad U-5 wt % Fs-2.5 wt % Zr Alloy, after 
4.8 at. % Burnup at Central Fuel Temperature of 650°C. Cladding failed in a 
characteristically brittle manner. Mag. 2X. Neg. No. MSD-160605. 
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T A B L E XIII . R e s u l t s of M i c r o s c o p i c M e a s u r e m e n t s 
on T r a n s v e r s e S e c t i o n s of J a c k e t e d U - F s A l l o y 

S p e c i m e n 
N o . 

1 3 - 2 

1 4 - 2 

1 4 - 3 

1 5 - 2 

1 5 - 4 

1 5 - 5 

F u e l 
C o m p o s i t i o n , 

wt % 

U - 5 F s 

U - 5 F s 

U - 5 F s 

U - 5 F s - 2 . 5 Z r 

U - 5 F s - 2 . 5 Z r 

U - 5 F s - 2 . 5 Z r 

C l a d d i n g 
M a t e r i a l 

N i o b i u m 

N i o b i u m 

V a n a d i u m 

N i o b i u m 

V - 1 0 wt % T i -
3 wt 7o Nb 

V a n a d i u m 

M a x 
Void 
S i z e , 

M. 

30 

120 

100 

46 

64 

28 

D e p t h of 
F u e l / C l a d d i n g 
R e a c t i o n Z o n e , 

m i l s 

None 

3.7 

3.6 

6.1 

1.5 

1.4 

Fig. 39 

Transverse Sectionof Specimen No. 14-3, 
Vanadium-Clad U-5 wt lo Fs Alloy, 
after 5.3 at. lo Burnup at Central Fuel 
Temperature of 700°C. Mag. n x . ANL 
Neg. No. 106-6788. 

Fig. 40 

Pore Coalescence in U-5 wt % Fs Alloy Irradiated to 
5.3 at. ô Burnup at 700°C. (SpecimenNo.CP-14-2.) 
Mag. 200X. Neg. No. MSD-160607. 
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Cladding 

Fig. 41 

Typical Reaction Zone between U-
5 wt % Fs Alloy and Niobium Clad
ding. (Specimen No. 14-2.) Mag. 400X. 
Neg. No. MSD-160608. 

Fig. 42 

Typical Reaction Zone between 
U-5 wt 'Vo Fs Alloy and Vanadium 
Cladding. (Specimen No. 14-3.) 
Mag.400X. Neg.No.MSD-160612. 

Cladding 

T h e U - 5 w t % F s - 2 . 5 w t °]ti Z r a l l o y s h o w e d m o r e e x t e n s i v e r e 

a c t i o n w i t h n i o b i u m ( s e e F i g . 4 3 ) . R e a c t i o n z o n e s a s t h i c k a s 6 m i l s w e r e 

n o t e d , o n l y a b o u t 5 of t h e o r i g i n a l 9 m i l s of c l a d d i n g t h i c k n e s s r e m a i n i n g 

u n a f f e c t e d . T h e l a y e r s w e r e f i r m l y a t t a c h e d t o t h e f u e l a n d c l a d d i n g , a s 

e v i d e n c e d b y t h e f r a c t u r e p a t t e r n s h o w n i n F i g . 4 4 . O n l y s l i g h t r e a c t i o n 

o c c u r r e d w i t h v a n a d i u m a n d V - 10 w t 7o T i - 3 w t % N b a l l o y c l a d d i n g ( s e e 

F i g s . 4 5 a n d 4 6 ) . 

• , y - . - '•'>y-^^v,-i» >:\ 

Cladding 

•, . • • • • ' . ' . .:'( r -I • • •.#• F u e l 

• f . ? - * ^ . " » - . ' < • • * / . . • ' ' » • - , - ' — • • , 

Fig. 43 

Typical Reaction Zone between U-
5 wt % Fs-2.5 wt % Zr Alloy and 
Niobium Cladding. (Specimen No. 15-2.) 
Mag. 200X. Neg. No. MSD-160613. 
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Cladding 

Fig. 44 

Cracking in Reaction Zone between U-
5 wt 7o Fs-2.5 wt lo Zr Alloy and Nio
bium Cladding. (Specimen No. 15-2.) 
Mag. 200X. Neg. No. MSD-160609. 

Cladding 

Fig. 45 

Typical Reaction Zone between U-5 wt '^o 
Fs-2.5 wt % Zr Alloy and Vanadium Clad
ding. Crack is evident in the cladding. 
(Specimen No. 15-5.) Mag. 200X. Neg. 
No.MSD-160611. 

Cladding 

Fig. 46 

Typical Reaction Zone between U-
5 wt 7o Fs-2.5 wt lo Zr Alloy and V-
10 wt fo Ti-3 wt fo Nb Alloy Cladding. 
(Specimen No. 15-4.) Mag. 200X. 
Neg. No. MSD-160610. 

Fuel 
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VI. CONCLUSIONS 

The following conclusions can be drawn from this investigation: 

1. The U-5 wt % Fs alloy used as driver fuel is among the uranium-
base alloys most capable of resist ing high-temperature i r radiat ion swelling. 

2. None of the other alloys irradiated, including those with higher 
fissium and zirconium contents, showed a generally greater res is tance to 
swelling under irradiation than the U-5 wt 7o Fs alloy. 

3. No evidence of reversion to gamma phase was seen in any of 
alloys i r radiated. 

4. Specimens of each alloy decreased significantly in density when 
therm.ally cycled between the alpha and the alpha-plus-gamma temperature 
fields. In addition, slight anisotropic growth occurred in the alloy composi
tions that are predominantly alpha phase in the a s - cas t condition. 

5. Postirradiat ion annealing tests of the alloys showed that the U-
5 wt % alloy swelled most rapidly in the range 575-650°C. 

6. Irradiation of the U-5 wt % Fs and U-5 wt % Fs -2 .5 wt % Zr 
alloys with sodium-bonded cladding showed that (a) swelling of the alloys 
was effectively restrained by most of the 0.009-in.-thick cladding mater ia ls 
investigated; (b) the fuel developed local hydrostatic p re s su res that were 
capable of extruding the fuel alloy extensively out of small holes in the 
cladding; and (c) little axial movement of the fuel occurred within the clad
ding, even when the fuel was entirely unrestrained at its upper surface. 
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